The present research was focused on the identification of manufacturing factors that have an active influence on the graphite phase formation in Nihard cast irons inoculated with FeB, constituting the outer layer of duplex work rolls. These rolls are used in the finishing stands of hot-strip steel mills where the following are desired: (a) between 2.5 and 4 vol % of graphite; (b) homogeneous graphite distribution across the layer section; and, (c) a reasonable high number of graphite particles across the layer. The research methodology that followed consisted of the application of a saturated design of experiments (DOE), with seven factors, eight experiments, and resolution III. The analyzed responses obtained by quantitative metallographic techniques were: the volume fraction of graphite, Vv; the number of counts per unit area of graphite, N A ; and the graphite morphology across the layer thickness. Increasing the addition of FeB from 6 to 10 kg/T reduced the graphite volume fraction and the count number, but had no influence on its morphology. However, an increase of the liquidus temperature from 1225-1230 to 1250-1255 • C, and an increase in the amount of SiCaMn added to the ladle from 0.3 to 0.6 kg/T produced the desired compact graphite morphology.
Introduction
Ni-Hard cast irons are white hypoeutectic cast irons where the matrix is composed of cementite and the dispersed constituent is mostly martensite. The martensite is obtained by simple cooling in ambient air as a result of the dissolved alloying elements in the solid austenite solution, which confer a high quenchability. The main alloying elements are Ni, Cr, and Mo in proportions of around 3-5%, 1.5-5%, and <1%, respectively. These cast irons are used when high abrasive wear resistance is required. Depending on the solidification conditions and the Si content, the precipitation of graphite is possible, thus obtaining Nihard mottled cast iron. The purpose of this research was to identify and select variables among the various controllable manufacturing process that were believed to play a role in the precipitation of graphite in Nihard mottled cast irons used as the outer layer of duplex work rolls for finishing stands in hot strip mills in the steel industry. The work was conducted as a collaboration between a Spanish roll manufacturer and the Materials-Pro research group of the Materials Science and Metallurgical Engineering Department, Oviedo University, Spain. The industrial scale study was performed on duplex work rolls with compositions falling within the specification range (Table 1) . These rolls have a core of gray cast iron with a ferrite-pearlite matrix that provides rigidity. The outer ring layer is Nihard cast iron. The manufacturing process is performed by vertical centrifugal casting. During the rolling pass, the working layer is exposed to thermal cycles. This thermal cycling generates thermal stresses that can lead to the fracture of the material [1] . Graphite helps improve thermal shock resistance and reduces friction between the work roll and the rolled strip. The combination of abrasion and thermal fatigue causes a high wear, which is more pronounced in the last steps of the hot strip mill, which is where these rolls are located. The cracks begin to nucleate in the regions where cementite has precipitated. However, their growth develops jointly through this phase and through graphite particles with a laminar morphology [2] . The progression of these cracks may come to a halt if they encounter spheroidal graphite morphologies in their path [3] . A compact graphite geometry, intermediate between laminar and spheroidal morphologies, allows a faster evacuation of heat than the spheroidal geometry [4] . A suitable design of the alloy is decisive for achieving the right proportion and morphology of graphite. The graphite precipitates, forming part of the stable eutectic; however, it does not begin to precipitate until the metastable eutectic has finished precipitating, when the residual liquid has been depleted in carburizing elements [5] . A small amount of fine graphite is desired for this outer layer [6] . When this investigation began, these rolls were manufactured with a graphite percentage of approximately 6-7% in volume, when the maximum objective was 4%. In turn, the graphite had a heterogeneous distribution, with elongated groupings according to the radial direction of the roll, when the objective was to produce a graphite of small size and uniformly distributed with compact morphology, avoiding a possible "notch" effect of the lamellar graphite, and improving the evacuation of the heat when compared to a spheroidal morphology. Table 1 shows the usual chemical composition of the working layer of these work rolls. The objective of this study was to determine which manufacturing factors had a significant effect on the volume fraction, the distribution on the thickness of the working layer, and the morphology of the precipitated graphite. When the entire study was carried out on an industrial scale, with an eminently practical goal, the object of analysis was not to determine the possible physico-metallurgical mechanisms of graphite nucleation, but rather to determine the effect of varying certain industrial factors on the amount, distribution, and morphology of precipitated graphite. In previous studies carried out by the authors of this paper [7, 8] , it was concluded that the main manufacturing factors with a significant effect on these variables were the Liquidus Temperature, % Si, the type of FeSi employed and the amount of SiCaMn, both added to the inoculation of the molten iron bath. The type of centrifuge machine did not have a direct effect on the amount or morphology of the precipitated graphite, although it was found to have a significant effect related to the Liquidus Temperature. Thus, if the Liquidus Temperature dropped to 1235-1240 • C, the volume fraction of graphite increased [8] . These factors were analyzed once again in this paper, though with modified values or levels in the sense that the aforementioned previous studies predicted an improvement in the microstructure of the material. An original factor of this research was the inclusion of FeB as a bath inoculant and as an element favoring a compact morphology of precipitated graphite [9] . Recent studies have confirmed that an increase in the content of B reduces the volume fraction of graphite and deteriorates the spheroidal morphology [10] . In White Cast Irons, B tends to segregate principally at the Austenite/Carbide interface, decreasing the proportion of proeutectic austenite versus the metastable constituent [11] . In a previous study, the 'whitening' effect of adding FeB was verified by increasing the volume fraction of Ledeburite and mixed carbides (CrFe) 3 C [12, 13] . Another new manufacturing factor included in this study was the % Ni. Ni contributes to quenchability [14] , although its content, along with that of Si, influences the volume fraction of precipitated graphite [15] . The diameters of these rolls oscillated between 650 and 750 mm, and their lengths between 1800 and 2200 mm. The thickness of the working layer was around 50-60 mm.
Materials and Methods
The manufacturing process of these rolls, and in particular, their working layer, can be summarized in the following steps: (a) Melting conducted in a medium frequency induction furnace; (b) Bleeding at a temperature of 1380 • C; and (c) Stream-ladle treatment with bath inoculants [16] . Table 2 shows the chemical composition of the inoculants and additives used and the amounts added in the ladle. The size of the inoculants ranges from 5 to 20 mm. The casting is done in several stages: Initially, the working layer is poured. This working layer is run through a ceramic duct with three outlet holes in the bottom of the mold, which project the molten alloy towards the periphery of the mold as it rotates. Subsequently, the first layer of the core is poured, which must ensure an optimum union with the working layer. Finally, the rest of the core is poured. The casting temperature of the working layer is 1320 • C. Demolding takes place 4 to 5 days after casting [17] . The research methodology followed was a Saturated Experiment Design, where seven factors of manufacture and two levels of work were analyzed for each factor, with a total of eight experiments [18] . Using this research methodology and deliberately varying certain working conditions, the aim was to generate more detailed knowledge regarding a given industrial response. To this end, the variations in the response to changes in certain work factors were analyzed [19] . In this case, the analyzed industrial responses were the volume fraction of graphite, the number of graphite "counts" per unit area, and the graphite morphology, measured by the ratio between the maximum and minimum Feret diameters. In industrial processes, a few factors are usually responsible for the major variations in the analyzed response, with the remaining factors being responsible for minor variations, often indistinguishable from experimental noise. Full factorial designs of experiments require a large number of experiments, which grows exponentially depending on the number of factors studied. When there are k factors in a full factorial design of experiments (DOE), the number of tests is 2 k , where 2 is the number of levels applied to each of the factors [20, 21] . Fractional factorial DOEs allow a large number of factors to be studied by means of a much smaller number of experiments, assuming the loss of information of possible interactions between factors, which are not usually very significant in practice. It should be noted that fractional factorial DOEs are represented as 2 k−q N , where 2 is the number of levels, k the number of factors, p the degree of fractionation, and N the resolution. The resolution of a DOE indicates the level of confounding generated in the estimation of the effects; i.e., it represents the loss of information of possible interactions between factors. In general, a DOE with resolution N is one in which no effect of q factors is confounded with another containing less than N-q factors [22] . In our case, the proposed DOE is of the type 2 7−4 III , which means that its resolution is III, hence the main effects are confused with 2-factor interactions. It can be seen that 3(resolution) = 1(main effects) + 2(2 − factor interactions).
The research was carried out on an industrial scale, so the eight samples analyzed corresponded to eight real rolls. Table 3 shows the factors of manufacture analyzed and the levels that were fixed for each factor. Factor D corresponds to the type of centrifugal casting machine used. The difference between level −1 and level +1 was that the machine corresponding to level +1 had an additional insulation layer that promoted slower solidification rates in the working layer. The Liquidus Temperature was obtained from the actual cooling curve during the solidification of the alloy. Table 4 shows the matrix of the experiments including the generators of the matrix columns and the confusions. In this analysis, it was only possible to estimate the principal effects. Table 4 presents the DOE matrix, while Table 5 shows the generators, effects, and confusions. The "Generators" column indicates the applied sign algorithm in the construction of columns D, E, F, and G. The "Confounders" column shows the confounding pattern [23] . Table 4 shows the array of experiments where Columns D, E, F, and G were constructed as the product of columns A × B, A × C, B × C, and A × B × C, respectively. These "products" were denominated as 2 7−4 III design generators and introduced second-order confounders (2-factor interactions) with the main effects. The "Confounders" column in Table 5 indicates the second-order interactions (2 factors) whose effects were confounded. In this case, for instance, interactions BD + CE + FG will be confounded with main effect A and the rest of the 2nd-order interactions listed in this column. The experimental procedure describing the metallographic techniques leading to the measured responses specified above can be summarized as follows. After solidification, samples were cut from the upper part of the roll barrel corresponding to its upright position when vertical centrifugal casting took place. The dimensions of the metallographic specimens were approximately 15 mm × 15 mm × 40 mm with the major length coincident with the layer thickness in the direction of the roll radius. Specimen preparation was conducted by mechanical grinding with 60-, 120-, 240-and 600-grit SiC papers. Next, they were polished in two consecutive stages with 6 µm and 1 µm oil-based diamond paste without etching to reveal the graphite phase [24] . For the sake of simplicity in the analysis of the results, the samples were divided into four zones of equal size comprised between the periphery and the ring-core roll interface. Five micrographs were randomly taken from each zone with an Olympus PMG3 light optical microscope (LOM, Olympus Corporation, Hamburg, Hamburg, Germany) connected to an OmniMet ® Enterprise device for electronic image data acquisition and archiving. Quantitative metallographic assessment of the graphite phase was performed with an Image ProPlus (version 4.5.0.29, Media Cybernetics, Rockville, MD, USA) coupled to a Materials-Pro module imaging software [25] . In order to conduct the DoE analysis and the derivation of the significant effects, the commercial statistics software package Statgraphics Plus (version 5.1, Statgraphics Technologies, The Plain, VA, USA) was employed [26] . The responses studied in this DoE were:
1.
The volume fraction of graphite, denoted by Vv.
2.
The number of counts per mm 2, denoted by N A . Each graphite unit was considered a microstructural characteristic, and therefore was counted individually, independently of the eutectic cell or "rosette" of origin. 3.
The Feret quotient was expressed by Fmax/Fmin, where Fmax was the maximum Feret diameter and Fmin stood for the minimum Feret diameter.
4.
These responses were measured in each of the 20 micrographs obtained for each experiment.
Results
The results are presented in Figures 1-6 and Tables 5-8. Table 6 shows the manufacturing process parameters for the eight experiments. Tables 6-8 show the derivation of the effects for each response according to Yates' algorithm [27] . Figures 2, 3 and 5 illustrate the standardized effects, i.e., the ratio of the effect to its standard deviation, presented using normal probability plots where the significant effects are noted with their corresponding identifying letters [28] . Presentation of data with a normal distribution using a normal probability plot will reveal an alignment of the data points. The straight line so defined should pass through the point of coordinates (0, 50%) for the standardized effects and probability percent, respectively, thus indicating that the mean variability of the distribution is zero. The slope of the line represents the magnitude of the experimental error. Every experimental response is subjected to random variations. This variation follows a normal law; its standard deviation represents the experimental error. The effects are linear combinations of the responses; hence, by application of the central limit theorem, they follow a normal law. If all the effects were non-significant, they would follow an N (0, σ) distribution, thus appearing aligned to describe a straight line when represented on a normal probability plot. The significant effects follow an N (µ, σ) distribution, represented by points which are off the straight line defined by the non-significant effects. As a result, each effect can be considered as a random variable; the value so determined is an estimate of its arithmetic mean. Accordingly, this value is accompanied by its standard deviation. The significance of a given effect is based on the ratio of its mean value to its error using the Student t-statistic at the 95% confidence level [29] . Table 7 shows the calculated effects after applying Yates' algorithm for the volume fraction of graphite. Figure 2a illustrates of the absence of significant effects on the layer average. This might be explained by the high variability of the results. However, a more detailed analysis conducted for each of the four studied layer sections (Figure 2b-e) concluded that the significant effects were of FeB in zones I, II and III; the liquidus temperature in zones I and III; the inoculation with A-type FeSi in zone III; and the type of centrifugal cast machine in zone IV. Higher graphite volume fractions were favored at the lowest level of FeB added, which indicated the "whitening" effect power of B on eutectic solidification. The use of high liquidus temperatures to the order of 1250-1255 • C, will also help decrease the volume fraction of graphite. The result obtained in zone III is noteworthy in relation to the type of FeSi that was added as an inoculant: the addition of B-type FeSi (Fe-75Si with Ti, C, and S as active graphite forming elements) favored a marked increase in the graphite volume fraction when compared to the addition of A-type FeSi (Fe-75Si with the presence of small amounts of Ca and Zr). On the other hand, in zone IV, corresponding to the layer section adjacent to the transient zone with the roll core, the increase in the amount of precipitated graphite was obtained by the use of a centrifugal casting machined equipped with a movable isolating sleeve. Table 8 shows the calculated effects after applying Yates' algorithm for the number of particles of graphite, N A . This result agreed with the observations made for gray and SG irons, and with studies conducted by the authors in mottled Nihard cast irons [6, 7] where higher carbon equivalent contents in the vicinity of the eutectic composition strongly increased the graphite N A . The study confirmed that in zone I inoculation with B-type FeSi (Fe-75Si with small amounts of Ti, C and S) rather than inoculation with A-type FeSi (Fe-75Si containing small amounts of Ca and Zr) produced high graphite N A values. In zone III, a similar effect was observed with the use of centrifugal cast machine no. 2 with the use of the isolating sleeve. Figure 4 shows that in the outer shells of AIC rolls inoculated with FeB, the increase in the volume fraction of graphite produced an increase in its count number, N A . Table 9 shows the calculated effects after applying Yates' algorithm for the Feret's diameter ratio, Fmax/Fmin. Figure 5a shows that over the layer average, melts with higher liquidus temperatures (1250-1255 • C) inoculated with 0.6 kg/T instead of 0.3 kg/T of SiCaMn developed compacted graphite morphologies. A study of the four regions where the layer was divided showed that the effect of the liquidus temperature remained the same in all of the shell sections; while inoculation with SiCaMn was significant in all except the layer section adjacent to the shell-core interface as illustrated in Figure 5b -e. This reflects that the effect of SiCaMn as an inoculant in the molten metal on a compact graphite morphology was not significant in inner regions of the layer; however, this does not mean that it favors a laminar morphology in these regions. It should be noted that, as with SiCaMn, the %Si had a significant effect on the graphite morphology in the outermost region of the work layer (zones I and II), promoting a compact morphology at its −1 level (content in Si between 0.9% and 1%); see Figure 5b ,c. It should be stressed that the addition of FeB at the levels defined in this study did not have a significant effect on the morphology of the precipitated graphite. Similarly, the total percent silicon in zones I and II (see Figure 5b ,c) with a low Si amount between 0.9-1.0 wt % also favored the production of the compacted graphite morphology. It was concluded that high carbon equivalent contents, calculated as %C + Table 10 summarizes the results obtained in the DoE and presents the significant factors revealed by this study. It also shows the levels that define the steepest ascent gradient permitting an increase in each of the studied variables. For the levels defined by the metallurgical factors which define the manufacturing ranges studied in the present DoE, it was concluded:
Significant Effects in the Volume Fraction of Graphite

Significant Effects in the Graphite Count Number
Significant Effects on the Feret's Diameter Ratio
Conclusions
• An increase in the amount of FeB added reduced the amount of precipitated graphite, i.e., promoted metastable eutectic solidification while reducing the graphite count number. Higher additions of B did not significantly affect the morphology of graphite or favor compact graphite morphologies.
• Precipitation of compact graphite was favored by higher liquidus temperatures (~1250-1255 • C), low final Si levels in the ladle (~0.9-1.0 wt %), and by inoculation with high SiCaMn (~0.6 kg/T).
•
An increase in the amount of SiCaMn had no effect on the volume fraction of the precipitated graphite or on the number of counts per unit area.
Lastly, an increase in Ni content from 4.3 to 4.7 wt % had no significant effect over the responses studied, particularly with regard to the development of either the stable (Fe-C(g)) or metastable (Fe-Fe3C) solidification, despite its known graphite forming tendency.
The centrifugal casting machine, which has a higher level of insulation, produced an increase in the volume fraction of graphite in the innermost regions of the work layer, adjacent to the core of the rolling cylinder. 
